Abstract. We investigate the effect of TiO 2 nanoparticles-nanospheres and nanorods-inserted in the poly(3-hexylthiophene) (P3HT) matrix of TiO 2 ∕P3HT inverted hybrid solar cells. X-ray diffraction, high-resolution transmission electron microscopy, small-angle x-ray scattering, photoluminescence, and photoelectrochemical experiments were employed to investigate the structure, morphology, and photoactivity of TiO 2 nanoparticles modified with 2-thiopheneacetic acid, mixed or not with P3HT. Both TiO 2 nanospheres and TiO 2 nanorods presented a good dispersion in the polymer matrix. The incorporation of TiO 2 nanospheres and nanorods has improved the photocurrent generation, and devices with efficiency values up to 1.35% were obtained. Our results reveal that the nanoscale morphology enables an enhanced interfacial area for exciton dissociation. In particular, the nanospheres contribute with their high specific area, and the nanorods contribute with their high aspect ratio.
Introduction
Polymer/inorganic nanocrystal hybrid solar cells have drawn considerable attention as a promising photovoltaic technology for the future. These hybrid solar cells have several advantages over their pure inorganic counterparts: lower production costs through solution processing, greater mechanical flexibility, lighter weight, and additional versatility provided by the ability to control the shape and size of the inorganic nanocrystals. 1, 2 Specifically, metal oxides have outstanding chemical and physical stabilities, high electron mobility, high dielectric constant, and low-cost, and most of them are environmentally friendly. 3, 4 The combination of TiO 2 and poly(3-hexylthiophene) (P3HT) as electron-acceptor and electron-donor materials, respectively, is an example of a good candidate of hybrid solar cells. TiO 2 spherical nanocrystals are very interesting and intensely exploited as mesoporous electrodes in dye sensitized solar cells. One-dimensional (1-D) TiO 2 nanorods with high aspect ratios have additional advantages as these structures provide a direct pathway for electron transport and can be synthesized by simple sol-gel method at low temperature. 5, 6 The strong coupling between the positive and negative charges found in the polymer excitons requires these excitons to diffuse to an interface in order to dissociate into free charges. To improve charge generation and charge transport, a mixture of TiO 2 nanoparticles in the P3HT polymer matrix were proposed to facilitate the in situ exciton dissociation. 7, 8 In addition, inorganic nanocrystals, if well dispersed, can promote efficient charge-carrier hopping, and improvements in the electron and hole mobilities were reported.
An important feature in the polymer/nanocrystal hybrid solar cells is the presence of an interface. The incompatibility found at the organic/inorganic interfaces has been tackled by inserting interfacial (organic) modifiers in the inorganic material, which decreases the charge recombination in the device due to a more intimate contact between nanoparticles and the P3HT. 12, 13 Another interesting strategy in polymer/inorganic nanocrystal hybrid solar cells is to take advantage of the wide variety in device architecture to leverage the efficiency. The bulk heterojunction concept in the normal configuration (metal/polymer+nanocrystals/PEDOT-PSS/ITO) is the preferentially adopted configuration and it also delivers the best results. 14, 15 However, the lack of stability found in the normal configuration reinforces the importance of the inverted configuration where electrons and holes are collected from transparent electrodes and metal electrodes, respectively. 16 The inverted configuration exhibits significant device stability and more compatible gradient profiles that facilitate electron and hole transports. 17 Planells et al. applied this concept in hybrid solar cells (TiO 2 /(E)-2-Cyano-3-(3′,3″,3″′,3″″-tetrahexyl-[2,2′:5′,2″:5″,2″′:5″′,2″″-quinquethiophen]-5-yl)acrylic acid P3HT with bis(trifluoromethanesulfonyl)imide/Ag) achieving an efficiency greater than 2%. 12 In this work, the authors also doped the P3HT polymer with bis(trifluoromethanesulfonyl)imide, which was crucial to negatively shift the TiO 2 conduction band and to improve the device's performance. 18 Herein, we present the synthesis and characterization of TiO 2 nanoparticles in two different shapes: nanorods and spherical nanoparticles. Both nanoparticles were functionalized with thiopheneacetic acid (TAA) in order to improve the compatibility between the inorganic nanocrystals and P3HT. 13 A mixture of TiO 2 nanoparticles (spherical and nanorods) and P3HT was used as an active layer in hybrid solar cells in the inverted configuration, and the results were compared.
Experimental Section
TiO 2 nanorods (TiO 2 NR) were synthetized following the methodology developed by Cozzoli et al. 5 This procedure was chosen to produce well-crystallized anatase titania nanostructures of controlled size and shape, which were then dispersed in organic media with the use of oleic acid (OLEA) as a surfactant. In a three-neck flask, 60.0 g of oleic acid (Aldrich) was heated under stirring at 100°C under N 2 flux. Titanium isopropoxide (Across) was added, and the system was maintained under stirring for 5 min. The solution turned from colorless to pale yellow, indicating the formation of a complex. Then, 8.5 mL of a 17-mmol aqueous solution of trimethylamine N-oxide (Aldrich) was rapidly injected. The reaction was stirred under mild reflux with water for 10 to 12 h to promote further hydrolysis and crystallization of the product. The procedure for TiO 2 nanospheres preparation (TiO 2 NS) was similar; however, a slow hydrolysis was performed prior to the dissolution of trimethylamine N-oxide in anhydrous (50 mmol) ethylene glycol (EG). The hydrolysis of the titanium precursor was believed to occur upon reaction with water which was slowly released upon esterification of OLEA and EG. The total reaction time was 72 h due to the esterification rate likely being the bottleneck of the overall reaction rate.
At the end of both procedures, the nanoparticles were washed, precipitated, and centrifuged 10 times with methanol to remove the majority of the oleic acid. The surface modification of TiO 2 NR and NS was carried out by transferring the titania powder to a solution of 0.1 mol L −1 of 2-TAA and maintaining the system under reflux for 48 h (TiO 2 NR/TAA and TiO 2 NS/TAA). The nanocomposite active layer was prepared using a concentration of 15 mg mL −1 in chlorobenzene (Aldrich) with a 1∶1 proportion between P3HT and TiO 2 NR/TAA or TiO 2 NS/TAA.
The powder x-ray diffraction (XRD) patterns were used to unveil the phase information and the crystalline quality of the prepared materials. They were collected on a Shimadzu model XRD-7000 diffractometer using Cu Kα radiation (0.154 nm) at 40 kV and 30 mA, with a rate of 2.0 min −1 for 2θ measurements over the range of 5 deg to 80 deg.
Raman spectra were recorded by using a Raman confocal spectrometer, T64000 modelJobin Yvon-, with an exposure time of 30 s, accumulation of 10 spectra and 633 nm laser excitation in the 100 to 700 cm −1 frequency range. The absorption spectra were obtained on a diode array spectrophotometer Hewlett Packard 8452A.
The high-resolution transmission electron microscopy (HRTEM) images were obtained using a HRTEM-JEM 3010 URP microscope at an accelerating voltage of 300 kV at the electron microscopy laboratory (LME) located at the Brazilian National Nanotechnology Laboratory (CNPEM). The sample for the transmission electron microscopy (TEM) analysis was prepared by dispersing the material powder in isopropanol via sonication for 15 min, followed by drop casting onto a carbon-coated copper TEM grid (400 mesh).
Small-angle x-ray scattering (SAXS) experiments were performed at the D1B-SAXS1 beamline at the Brazilian Synchrotron Light Laboratory (LNLS) located at CNPEM. The samples were mounted as wafers between Kapton tapes. The monochromatic beam was collimated by slits with a fixed energy of 8.0 keV and a wavelength of 0.155 nm. Silver behenate was used to calibrate the sample-detector distance, equal to 1472 mm during the experiment. Transmission and dark current corrections were performed, and the isotropic scattering pattern was radially averaged. The resulting scattering patterns IðqÞ versus q were plotted, and SAXS data analysis was carried out using Igor Pro Software (WaveMetrics) and multilevel unified fit analysis. 19, 20, 21 The photoelectrochemical experiments were carried out in an Eco Chimie-Autolab PGSTAT 12 potentiostat. Chronoamperometric measurements were performed using a three-electrode configuration cell (Ag∕AgCl as reference electrode, FTO∕TiO 2 films as working electrodes, and a platinum wire as counter electrode), at room temperature. A 1-mol L −1 solution of aqueous KCl containing 5 × 10 −2 mol L −1 methylviologen was used as the electrolyte. The photoelectrochemical cell was placed in an optical bench consisting of an Oriel Xe(Hg) 250 W lamp coupled to an AM 1.5 filter (Oriel), collimating lenses, and a water filter (Oriel). The light intensity was calibrated with an optical power meter (model 1830-C, Newport) to 100 mW cm −2 .
The hybrid solar cells in the inverted configuration were assembled as follows: fluorinedoped tin oxide (FTO) coated glass substrates were first cleaned in an ultrasonic bath for 10 min, using water-detergent, ethanol, and 2-propanol as solvents. For the devices, the extremities of the FTO substrates were chemically etched. A TiO 2 compact layer (50 to 80 nm) was deposited by spin coating a solution of titanium(IV) isopropoxide, ethanol, and acetylacetone at 5000 rpm for 1 min, followed by drying in air for 5 min. These films were then heated at 450°C for 20 min. A second layer of mesoporous TiO 2 consisting of the commercial TiO 2 suspension (Ti Nanoxide T, Solaronix) in ethanol (1∶1) was spread onto the film by spin coating, and the film was heated at 450°C for 40 min (500 nm). The electrodes were immersed in a 1.5 × 10 mol L −1 solution of N719 dye (Solaronix) overnight. The nanocomposite films (thickness of ∼170 to 200 nm) were deposited onto the sensitized mesoporous titania film by spin coating a suspension of P3HT and TiO 2 nanoparticles in chlorobenzene (15 mg mL −1 in 1∶1 proportion). Then, the electrode film was annealed at 120°C under N 2 atmosphere following which a PEDOT:PSS layer was deposited by spin coating (∼30 nm) followed by further annealing at 120°C. Finally, the system was transferred to an N 2 -filled glove box, and gold top electrodes were thermally deposited through a shadow mask (thickness of ∼100 nm) in high vacuum (pressure of 10 −6 mbar).
Current versus voltage (I-V) curves were obtained through a Sciencetech solar simulator with a Xe lamp and AM 1.5 filter to generate a simulated solar spectrum (0.1 cm 2 active area in the devices). The irradiation intensity was set to 100 mW cm −2 and calibrated using a standard silicon PV device.
Results and Discussion
In this work, we merged several strategies in order to improve the photocurrent generation in hybrid solar cells using TiO 2 nanostructures and P3HT. First, we modified the surface of the TiO 2 nanoparticles with 2-TAA according to a procedure reported by our group. 13 In fact, the interface modified with TAA in the presence of the P3HT polymer was more efficient in promoting a better charge separation. Second, the sensitization of the titania film by the well-known ruthenium dyes (N3 or N719) is also an interesting approach to further improve the current generation in inverted TiO 2 ∕P3HT solar cells. 22 The synthetic route employed to prepare TiO 2 nanostructures, rods, and spheres was reported by Cozzoli et al. 5 During the synthesis, the Ti-O-Ti network is formed by several hydrolysis and polycondensation reactions. The differences between the two mechanisms (slow versus fast hydrolysis) allow the preparation of spherical or rod-like nanostructures, respectively. The XRD data in Figs. 1(a) and 1(b) exhibit diffraction peaks at 25.3 deg, 37.8 deg, and 48.0 deg that can be attributed, respectively, to the (101), (004), and (200) planes of the TiO 2 anatase structure. In the TiO 2 nanosphere sample, the diffraction peaks are wider because of the small size of these nanoparticles; while in the nanorod sample the peaks are better defined due to their higher aspect ratio. The lower ratio between the (101) and (004) planes in the TiO 2 NR sample in comparison to the TiO 2 NS sample is indicative of the formation of rod-like nanocrystals with a preferred growth orientation along the c-axis of the anatase lattice. 5 Raman spectroscopy measurements [ Figs. 1(c) and 1(d) ] confirmed the vibrational modes of the anatase phase in both the TiO 2 NR and TiO 2 NS samples. Four of the six expected active modes 23 were identified in the nanorod sample, at 144 cm
(A 1g ), and 639 cm −1 (E g ). In the nanosphere sample, only the E g and the A 1g modes could be observed. The absence of the other peaks is a consequence of the smaller size of the nanospheres. The HRTEM images acquired for both the TiO 2 NR and TiO 2 NS samples show an aggregated morphology with no isolated particles (Fig. 2) . This observation is in agreement with the ligand exchange procedure carried out to replace oleic acid by TAA molecules. However, it is possible to observe crystalline nanoparticles in both the TiO 2 NR and TiO 2 NS samples (nanospheres with ∼4 nm, and nanorods with dimensions of ∼3 and ∼11 nm). SAXS experiments were performed to better define the size of the nanostructures, and the results are discussed in the next section.
Following ligand exchange with TAA, both the TiO 2 NR and TiO 2 NS samples were mixed with P3HT in the bulk heterojunction morphology. SAXS analysis of these films were performed before and after the incorporation of the inorganic nanostructures. The scattered intensity patterns shown in Fig. 3 were fitted using the Beaucage unified fit model, 19, 20, 21 which describes the scattering from a hierarchical structural level. This model considers only four parameters (G, R g , B, and P) to define one structural level. The unified scattering function for each level can be defined as 
where G is the Guinier prefactor, R g is the radius of gyration, B is the Porod prefactor, and P is the power law. Figure 3 (a) presents the scattering pattern of the P3HT film, and the unified fit displays two structural levels. The first level gives a radius of gyration of 3.18 nm, which represents an average of the R g of the P3HT polymeric chains. At high-q, a power law of approximately −2 corresponds to a mass fractal regime.
The scattering patterns of the inorganic nanostructure-containing films are shown in Figs. 3(b) and 3(c). Two distinct structural regimes are shown for the nanosphere-containing film [ Fig. 3(b) ]. The fitting gives a power law of −4 accounting for nanospheres with smooth surfaces. The size distribution of the nanospheres is shown in more detail in the inset. Nanosphere diameters vary between 2.0 and 4.5 nm, and the main population is centered at 3.3 nm. Comparing this result with the HRTEM images of the TiO 2 NS, it is possible to observe a better statistical representation of the population when the SAXS technique is used.
Three power law regimes are shown for the TiO 2 nanorod-containing film [ Fig. 3(c) ]. A power law of −1 is observed for the second level accounting for 1-D rods. 20 The size distribution obtained from the unified fitting (in the inset) shows two populations, one centered at 3.3 nm and the other centered at 9.8 nm, corresponding to the diameter and length of the nanorods, respectively. TiO 2 rods with a diameter and a length of this order are observed in the HRTEM images in Fig. 2(d) .
The absorption profiles [ Fig. 4(a) ] of the nanocomposite films were similar when both TiO 2 morphologies were mixed to the P3HT polymer. For the pristine polymer, the maximum absorption is observed at 517 nm which corresponds to the π − π Ã absorption band of P3HT. This band is red shifted to 526 nm in the presence of TiO 2 nanoparticles. In fact, the entire spectrum is shifted (including the two shoulders at ∼550 and ∼600 nm), thereby indicating that the insertion of nanostructures can promote a better polymer chain packing. In the other words, it is expected that the P3HT chains are flatter on (001) direction [inset on Fig. 4(b) ], with a more effective conjugation. [24] [25] [26] XRD analysis of the nanocomposites films showed differences in P3HT crystallinity [ Fig. 4(b) ]. The first-order reflection (100) at 2θ ¼ 5 deg is observed with a high intensity in the P3HT film, and this peak can be related to the π − π stacking. 25, 27 The polymer presented a second-order reflection (200) at 2θ ¼ ∼13 deg, due to the interplanar distance between P3HT lamellas. 28 The half width of the (100) plane decreases after nanoparticle insertion, while the half width of the (200) increases. This is indicative of the decrease in the number of polymer crystals in the (100) direction. However, the (200) reflection refers to a short-range organization, indicating a strong interaction between polymer chains and nanoparticles that results in a good dispersion of the nanostrucutres in the polymer matrix.
The photoelectrochemical properties were measured by cyclic voltammetry, chronopotentiometry, and chronoamperometry techniques. Figure 5 (a) shows higher current densities and higher capacity values for the films containing TiO 2 nanoparticles than the pristine P3HT film. This can be related to a better exciton dissociation and charge accumulation in the nanocomposite films. We calculated the highest occupied molecular orbital energy level of the samples (4.8 eV for the P3HT and 5.0 eV for P3HT∕TiO 2 NS and P3HT∕TiO 2 NR), which are consistent with the energy due to the electron transfer process from the polymer to the TiO 2 conduction band. The chronopotentiometry profiles presented in Fig. 5(b) show stable potentials for all samples under light on and off intervals. After illumination, the kinetics in V OC response was fast, with reproducible values for the P3HT∕TiO 2 NS and P3HT∕TiO 2 NR films. Chronoamperometric profiles are exhibited in Fig. 5(c) . The addition of the titania nanostructures in the P3HT film increases the photocurrent as expected because the inorganic nanoparticles act as electron acceptors, increasing both exciton dissociation and the charge-carrier transport. As observed in Fig. 5(c) , all samples exhibit cathodic photocurrent, evidencing the p-type character of these films as observed in others systems. 29 This result indicates that the majority of charge carriers are holes that are driven to the platinum wire by the external circuit, while the minority of carriers (electrons) diffuses to the electrode/electrolyte interface.
The P3HT∕TiO 2 NR film exhibited the highest photocurrent value (22 μA cm −2 ), indicating a possible faster electronic transport due to the 1-D morphology of the nanorods. Their higher aspect ratio might also promote a better charge percolation to the electrodes. 1 However, not only the aspect ratio of the nanostructure must be taken into account but also the morphology of the nanocomposite films. Atomic force microscope images in the noncontact mode of P3HT, P3HT∕TiO 2 NS, and P3HT∕TiO 2 NR films were obtained (data not shown). Although the surface morphology is similar, the P3HT∕TiO 2 NR film has lower roughness (rms) values (44.8 nm) in comparison to P3HT (60.9 nm) and P3HT∕TiO 2 NS (69.0 nm) films. The smoother morphology after the incorporation of the titania nanorods is in agreement with the XRD data that show more planarity and extended conjugation of the P3HT polymer chains. It is difficult to quantitatively separate both contributions, and we believe that the two coexist and are important for the success of the photovoltaic device. Figure 6 shows the I-V curves for the hybrid solar cells in the inverted configuration: FTO∕TiO 2 compact∕TiO 2 porous sensitized with the dye N719/P3HT layer mixed or not with TiO 2 NR/TAA and TiO 2 NS∕TAA∕PEDOT∶PSS∕Au. The figure also includes the schematic configuration of the device. Table 1 shows all the photovoltaic parameters.
The solar cells assembled with pristine P3HT and TiO 2 NS/TAA mixed with P3HT presented the same efficiency, with a difference in the photocurrent and FF values. In the device with only P3HT, FF is higher but the photocurrent is lower, in agreement with the photoelectrochemical experiments that show improved exciton dissociation after the incorporation of the inorganic nanostructures. FF values are lower in the solar cells with both TiO 2 NS/TAA and TiO 2 NR/TAA, indicating an increase in the series resistance of the active layer.
When devices using different TiO 2 morphologies are compared the solar cell assembled with TiO 2 NR/TAA displays higher efficiency, which is mainly attributed to the photocurrent values (also in accordance with the chronoamperometric experiments). The lower V OC for this device, in comparison to that assembled with TiO 2 NS/TAA, can be an indication of faster recombination, in agreement with the chronopotentiometry experiment.
Several reports use P3HT and TiO 2 nanocrystals mixed in different film morphologies and in different device configurations. Taking as an example, for a hybrid solar cell in normal configuration, an efficiency of 2% was reported using absorbing molecules at TiO 2 nanorod surfaces. 15 When the inverted configuration was chosen and the active layer is composed exclusively of P3HT phase, the efficiency is lower than 1%. 12 However, the efficiency of the inverted hybrid solar cells can be improved by adding the TiO 2 nanocrystals as a third component in a bulk heterojunction with P3HT and PCBM. 7, 30, 31 In these solar cells, the TiO 2 nanocrystals represent an additional pathway for electron transport, and the efficiency can reach almost 4%. 30 The work by Liao et al. 32 is closest to ours. These authors introduced modified TiO 2 nanorods with pyridine or with an oligomer in a P3HT matrix. The solar cells assembled using the oligomer presented an efficiency of 1.2% (I SC ¼ 3.8 mA cm −2 , V OC ¼ 0.62 V and FF ¼ 0.52). In our work, the sensitization of the TiO 2 mesoporous film by the N719 dye can explain the higher photocurrent values resulting in devices with a new efficiency record (1.35%).
Conclusions
In this work, two morphologies of TiO 2 nanostructures, nanorods and nanospheres, were synthetized and incorporated in inverted hybrid TiO 2 ∕P3HT solar cells for the first time. Following ligand exchange, the nanoparticles aggregate as observed in the HRTEM images. On the other hand, when the nanoparticles are introduced in the P3HT matrix, SAXS experiments showed scattering centers in the same order of magnitude of the synthetized nanoparticles.
The P3HT∕TiO 2 NR film exhibited the highest photocurrent values (22 μA cm −2 ), indicating a possible faster electronic transport due to the 1-D morphology of the nanorods. In addition, the P3HT∕TiO 2 NR film has lower roughness (rms) values (44.8 nm) in comparison to the P3HT (60.9 nm) and P3HT∕TiO 2 NS (69.0 nm) films. The smoother morphology following the incorporation of titania nanorods is in agreement with the XRD data that show more planarity and extended conjugation in the P3HT polymer chains. Comparing the devices using different TiO 2 morphologies, the solar cell assembled with TiO 2 NR/TAA displays higher efficiency, mainly attributed to the photocurrent values, reaching a record in the efficiency of 1.35%.
